Abstract-Low-cost modular polymer microfluidic platforms integrating several different functional units may potentially reduce the cost of molecular and environmental analyses, and enable broader applications. Proper function of such systems depends on well-characterized assembly of the instruments. Passive alignment is one approach to obtaining such assemblies. Model modular devices containing passive alignment features, hemispherical pins in v-grooves, and integrated alignment standards for characterizing the accuracy of the assemblies were replicated in polycarbonate using doubled-sided injection molding. The dimensions and locations of the assembly features and alignment standards were measured. The assemblies had mismatches from 16 ± 4 to 20 ± 6 µm along the x-axis and from 103 ± 7 to 118 ± 11 µm along the y-axis. The vertical variation from the nominal value of 287 µm ranged from −10 ± 4 to 34 ± 7 µm. An assembly tolerance model was used to estimate the accuracy of the assemblies based on the manufacturing variations of the alignment structures. Variation of the alignment structure features were propagated through the assembly using Monte Carlo methods. The estimated distributions matched the measured experimental results well, with differences of 2%-13% due to unmodeled aspects of the variations Accurate assembly of advanced polymer microsystems is feasible and predictable in the design phase.
NOMENCLATURE

T AC − BC
Transformation from AC to BC.
T U C i − W C i Transformation between UC and WC. T U C i − W C i Transformation between UC and WC . θ x
Rotation about the X-axis. x Fi X-coordinate of any point on the surface of a v-groove. y Fi Y-coordinate of any point on the surface of a v-groove. z Fi Z-coordinate of any point on the surface of a v-groove.
BC P Ei
Position vector from a coordinate system to the center of a hemisphere-tipped post.
AC P Fi
Coordinates of a contact point between assembly features.
AC P x Fi
X-coordinate of a contact point between assembly features. AC P h pi Base height of a hemisphere-tipped post.
H pi
Height of a hemisphere-tipped post. θ pxi Inclination angle about the X-axis of the coordinate system of a hemisphere-tipped post. θ pyi Inclination angle about the Y-axis of the coordinate system of a hemisphere-tipped post. r pi Radius of a hemisphere-tipped hole. w vi Width of a v-groove.
R pi
Radial distance of a hemisphere-tipped post.
R vi
Radial distance of a v-groove. θ pi Radial angle of a hemisphere-tipped post with respected to the body-fixed coordinate system of a molded part. θ vi Radial angle of a v-groove with respected to the body-fixed coordinate system of a molded part. θ vsi Angle of a v-groove. θ Ai Radial angle of an alignment standard.
B hpi
Nonplanarity of a hemisphere-tipped post.
B hvi
Nonplanarity of a v-groove.
R Ai
Radial distance to an alignment standard. R Ai Variation of the radial distance to an alignment standard.
X C
Mismatch between the top and bottom surfaces of a molded part along the X-axis.
Y C
Mismatch between the top and bottom surfaces of a molded part along the Y-axis. θ ZC Relative rotation about the z-axis of the top surface with respect to the bottom surface of a molded part.
X i
Mismatch of an assembly along the X-axis.
Y i
Mismatch of an assembly along the Y-axis.
Z i
Nominal vertical separation of an assembly.
Vertical variation of an assembly.
I. INTRODUCTION
P OLYMERS are potentially low-cost materials for efficient mass production of micro-components and devices, particularly for microfluidic systems for biomedical and environmental analyses. Components can be hot embossed during the prototyping stage while injection molding significantly reduces the cycle times and production costs of mass production. Modular systems offer a way to mix and match analytical devices to create novel instruments with unique, target specific functionality. Microfluidic instruments can be assembled from different integrated functional units, including sample preparation, amplification, separation, and identification, into a complete system for biochemical analysis [1] - [11] . This requires a method for repeatably aligning and assembling polymer modules. Inaccurate alignment can lead to overconstraint or under-constraint and unpredictable dead volumes that could affect instrument function, including false negative results when rare target samples are trapped in the system.
Assembly tolerance analysis is an essential step in the manufacture of both conventional mechanical systems and microelectromechanical systems (MEMS), for integrating different functional components into a complete system [12] . The effects of dimensional and location variation of the module features accumulated in the assembled systems can be estimated through tolerance analysis of the design and assembly processes [13] - [15] . The variation limits of the critical features of the modules can be controlled to ensure that the performance requirements for the assemblies are met. Production costs can be significantly reduced by avoiding extremely tight tolerances for features and by minimizing assembly rejects. These lead to cost-effective mass production of the final products.
In microsystems, tolerance analysis has been primarily adopted in the design of optical couplings between optical components [16] - [20] . Laser sources and optical fibers or other components for optical couplings were usually assembled using passive alignment. The optical efficiency of the couplings depended on the accuracy of the assembly of the components with respect to the designed locations. Monte Carlo simulation [19] , an alternative to the commonly used worst-case [21] and statistical approaches [22] , is preferred for the assembly tolerance analysis of optical couplings. Statistical models of the assembly accuracy were generated by propagating the effects of component and feature variations in mass produced components through the assembly sequences computationally [19] , [23] - [26] . The simulation results provide estimated distributions of the optical efficiency of the couplings, as a function of those variations, as a histogram, which provides insight into the sensitivity of efficiency to the manufacturing process parameters.
Other applications of tolerance analysis to microsystems have been for a micro scale robotic assembly and a deformation-type micro stage. Lee, et al., [27] analyzed the location variation of tethered microparts released from the substrate after fabrication. The locations of the microparts were represented as multivariate Gaussian distributions for robotic assembly. However, this work did not complete the tolerance analysis for all assembly steps from a micro part to the gripper of the robot because the variation of the positional stage with the gripper was not integrated into the tolerance analysis. Tolerance analysis was also conducted for a deformation-type micro stage requiring high accuracy and repeatability in motion [28] . The variation of the stiffness and natural frequency were evaluated as a function of the dimensional variations, including the widths of the spring and hinge of the micro stage.
Tolerance analysis also has significant potential in the field of microfluidics. The critical performance requirement for the instruments is accurate assembly at the fluidic interconnects of the microfluidic modules. Unanticipated misalignment at the interconnects can reduce the reliability and sensitivity of the analyses by introducing dead volumes where target material can be trapped. The effects of dimensional and location variation on the misalignment can be predicted in the design of microfluidic assemblies, so more accurate interconnects may be manufactured.
Model polymer components with passive assembly features and rectangular cuboid alignment standards for fiducial marks were designed to experimentally validate the accuracy of fabrication and passive assembly. Two brass mold inserts were micromilled for double-sided injection molding. Prototype microfluidic device components were injection molded using the mold inserts. The molded microdevices were assembled using passive alignment without any additional active alignment. The accuracy of the assemblies was determined by measuring the relative positions of the alignment fiducial standards that were incorporated in the devices to serve as datums. Dimensional and location variations of the assembly structure features were measured to evaluate the dimensional and location integrity of the molded parts. Using the measured feature variations as inputs, tolerance analysis using Monte Carlo simulations was performed to demonstrate its potential for guiding the assembly of modular, polymer microfluidic devices. An assembly function was used to represent the critical feature variations of an assembly as a function of the dimensional and location variations of the device features. The measured variations of the model systems were compared to the estimated variations in the testbeds obtained from the simulations.
II. SIMULATIONS
A. Kinematic Constraints for Passive Alignment in Assembly of Polymer Microfluidic Devices
Passive alignment has been used to assemble the modular, polymer microfluidic devices [12] , [29] - [32] . The modules of microfluidic systems can be interconnected by aligning the reservoirs or channels in an assembly. Passive alignment uses mechanical structures such as pins, holes, and oversized holes to constrain the location of the aligned modules [9] . Alignment accuracy depends primarily on the geometric accuracy and the number and combination of the structures.
A typical method of assembly is to stack the multilayer microfluidic devices using pin-in-hole joints as alignment structures as shown in Fig. 1(a) [29] - [31] . The interconnects between the modules are aligned to transport samples and reagents. The alignment structures constrain all of the relative motion between the modules. However, the alignment structures are competing to control motion along the center line A-A . Consequently, the assembled system is overconstrained by the alignment structures, which may result in residual internal stresses in the components. These cause unpredictable dead volumes between the interconnected devices due to warpage of the module.
Another method for interconnection is to assemble the microfluidic devices using oversized holes for the pins as shown in Fig. 1(b) [32] . The oversized holes are used to ease the assembly but permit relative motion between the modules. The assembly is under-constrained, which can lead to unpredictable misalignment and unpredictable dead volumes in the interconnect.
From these representative examples, one problem with modular microfluidic instruments is the use of over-constraint or under-constraint in assembly. Over-constraint can result in a need for extremely tight tolerances and special assembly tools and techniques for assembly and under-constraint can cause irreproducible assembly, so that they are both generally avoided in the design of passive alignment [9] .
Exact constraint assembly prevents both under-constraint and over-constraint in assembly. Fig. 1(c) shows a multilayer microfluidic device consisting of two modular devices joined by a set of three v-grooves mating with hemisphere-tipped posts. The combination of three v-grooves and hemispheretipped joints prevents any relative motion between the mating modules, and eliminates extraneous constraints that can produce residual stresses in the assembly (see You, et al. [9] and You [12] ). The dead volume in the interconnects is predictable through assembly tolerance analysis prior to mass production. There are other combinations of kinematic alignment structures that exactly constrain an assembly; Whitney has a library of structures [33] . The pin and v-grooves pairs used in this work were selected because of their compatibility with a range of micromanufacturing processes.
B. Assembly Function
A set of v-grooves and hemisphere-tipped posts was used to assemble two modular microfluidic devices as shown in Fig. 2 . The module had assembly features, hemisphere-tipped posts and v-grooves, on the top and bottom surfaces of the model system. Alignment fiducial standards, rectangular notches, were included on each module to assist in the measurement of the relative offset of the assembled modules. Two modules may be nominally exactly constrained by the assembly features. However, dimensional and location variation of the microfluidic module features may accumulate in the assembled systems, inducing dead volume at the fluidic interconnects due to the manufacturing variations. To characterize this cumulative effect, it is necessary to analyze the assembly tolerance so that the mismatch at the interconnects is predictable.
An assembly function, a mathematical representation of the assembly that describes critical features of the assembly as a function of their dimensions, location, and the variation of selected assembly features, is required for tolerance analysis. Barraja and Vallance developed an assembly function for a conventional kinematic coupling consisting of a set of three v-groove and ball joints [34] . They defined parametric equations for a sphere and flat surface to represent the contact surfaces between the v-groove and ball. This approach was extended to a set of hemisphere-tipped post and v-groove joints [12] . The development of the assembly function is detailed in Appendix A.
C. Monte Carlo Simulation
Monte Carlo simulation has been widely used to simulate the effects of component and assembly variations in mass production. It has an advantage in the analysis of assembly tolerances when: (1) the variations of the components have non-Gaussian distributions; (2) the assemblies have a large number of component variations; and (3) the component variations affect assembly tolerances nonlinearly through the assembly function [23] , [25] All three may apply to microfluidic systems.
Assembly tolerance analysis using Monte Carlo methods was performed for the modular, polymer microfluidic devices. The quantified dimensions, locations, and variations of the assembly features were coupled to Equations A.3 and A.4 in Appendix A. Random numbers generated in MATLAB (R2007a, MathWorks, Natick, MA, USA) were scaled by the standard deviation of each variation of the dimensions and locations to obtain input values for the simulation.
Normal distributions were assumed for the component dimensions and locations in the assembly tolerance analysis. The upper and lower limits of the variations were three times the standard deviation. The shift of the mean of the assigned variations was not considered. The output of the simulation was the assembly accuracy. In order to choose a proper sample assembly size the variation of the assembly accuracy was observed for 2500, 5000, 7500, 10000, 20000, 30000, 40000, and 100000 virtual assemblies. No significant change was observed with the increase in the number of assemblies. The variation was less than ±1 μm as the number of assemblies increased by an order of magnitude. Consequently, 10000 virtual assemblies were used for all of the subsequent simulations.
There were two principal steps in the assembly tolerance analysis. The first was the random generation of the dimensions and locations of assembly features within the upper and lower limits of the variations. In the second, the transformation from modular device A to modular device B was calculated using the Newton-Raphson method, with a convergence criterion of 1×10 −9 m, with varying dimensions and locations of the assembly features. The randomly generated locations of the alignment standards were coupled to the transformation to enable assessment of the quality of the assembly in each case. The mismatch of the assembly was computed using the assembly function (Equation A.6). The first and second steps were repeated until ten thousand virtual assemblies were generated. 
III. EXPERIMENTS
A. Design and Fabrication of Model Systems
For the assembly of three or more modular, polymer microfluidic devices, the assembly features have to be fabricated on both the top and bottom surfaces of the microdevices as shown in Fig. 2 . The top surface contained v-grooves and the bottom surface held hemisphere-tipped posts. Rectangular cuboid alignment standards were necessary to assess the accuracy of the assemblies.
Brass mold inserts A and B were used to evaluate the replication of modular, polymer microdevices with passive alignment structures using doubled-sided injection molding. Fig. 3 shows the mold insert layouts and SEM images of representative alignment structures and alignment standards on the mold inserts. Mold insert A had the mold cavity with a draft angle to assist demolding. The mold cavity contained hemisphere-tipped holes and blunt rectangular steps for the replication of hemisphere-tipped posts and alignment standards, respectively. Four slots were embedded to assist alignment with the complementary testbed mold insert B.
Mold insert B had a triad of v-shaped pyramids for v-grooves. Four pins were used to assist the alignment with the mold insert A. There was a through hole to accommodate a sprue. The nominal dimensions and locations of the features on mold inserts A and B are shown in Table I . Both brass mold inserts were micromilled (MMP 2252, KERN Micro-und Feinwerktechnik GmbH&Co. Enschelohe, Germany) [35] .
A Battenfeld BA 500/200 CDK-SE (Kottingbrunn, Germany) conventional all-electric injection molding machine was used for the double-sided injection molding. A polycarbonate (PC) resin, Makrolon OD2015 (Bayer Material Science, Leverkusen, Germany), was selected for the fabrication of the microdevices because it was a high-performance optical grade and had a melt flow rate of 63g/10min [36] . Prior to molding, the PC resin was dried in a convection oven at 120°C for 3 hours. A mold release agent (3% Silicone Spray Mold Release, Industrial Molding Supplies Company, Chagrin Falls, OH, USA) was applied to the brass mold insert to assist demolding. Double-sided injection molding parameters including the melt temperatures in the barrel, injection speed, injection and holding pressure, holding and cooling time, and the surface temperatures of the mold inserts for molding and demolding, are shown in Table II . After double-sided injection molding with a cold sprue, a piece of polymer solidified in the sprue at the center of each modular device. These were mechanically drilled out to enable assembly.
B. Characterization
Variation of the dimensions and locations of the features on a molded part are inevitable since the mold inserts and polymer have a thermal history, including expansion and contraction, resulting in molded features with defects. The assessment of the variations is necessary to evaluate dimensional and location integrity of the part and ensure the accuracy of the assembly. The mold inserts were each measured three times and five duplicated modular microdevices were used for the measurements.
For the characterization of the dimensions of the hemisphere-tipped posts, the base height (h pi ), post height (H pi ), and inclined angle (θ pxi and θ pyi ) of the post with respect to the coordinate system of the hemisphere-tipped post were measured using a Measurescope (MM-22, Nikon Corp., Kawasaki, Japan) with 10 × 10 magnification and a focus/defocus method as shown in Fig. 4(a) . To estimate the radius (r pi ) of the hemisphere-tipped hole, polydimethylsiloxane (PDMS), including pre-polymer (RTV615A, GE Silicones, Wilton, CT, USA) and curing agent (RTV615B, GE Silicones, Wilton, CT, USA), was cast onto the mold insert for the replication of the hemisphere-tipped holes. The radius (r pi ) of the replicated PDMS hemisphere-tipped post was measured using a scanning electron microscope (SEM) (S-3600N, Hitachi, Japan) and the Image Processing Toolbox in MATLAB (R2007a, The MathWorks, Natick, MA, USA) as described previously [9] .
The width (w vi ) of the v-groove was measured using the Measurescope with 10 × 10 magnification. A noncontact profilometer (Nanovea ST400, Micro Photonics Inc., Allentown, PA) was used for the measurement of the angle (θ vi ) of the v-groove relative to the substrate plane.
Locations of the alignment structures and alignment standards were defined as functions of radial distance, radial angle, and nonplanarity with respect to the coordinate systems of the parts. The location of the center of the hemisphere-tipped posts was estimated by constructing a circle using three distinct points on the base boundary [9] , [12] , [37] ; the coordinates of the three points were measured using the Measurescope with 10 × 10 magnification. The radial distance (R pi ) and radial angle (θ pi ) of the post were defined as shown in Fig. 4(b) . The nonplanarity (B hpi ) is the difference in height between the center of the post base and the coordinate system of the part due to the nonflatness of the part. The locations of the v-grooves and alignment standards were characterized in the same way. Fig. 4(c) shows the radial distance (R Ai ) and variation of the radial distance (ΔR Ai ) between the bottom and top of the alignment standard on the mold insert due to the machining variation. To estimate the variation along the side wall of alignment standard, the PDMS was cast into the mold insert for replication of the top and bottom of the alignment standards.
Assembly features were fabricated on both the top and bottom surfaces of the modular devices using the two mold inserts. Misalignment between the mold inserts in the mold base was transferred into the mismatch between the top and bottom surfaces of the replicated modular device. The mismatch was estimated by the displacements (ΔX C and ΔY C ) and rotation (θ ZC ) from the bottom surface to the top surface of the modular device as shown in Fig. 4(d) .
C. Assembly of Model Modular, Polymer Microfluidic Systems
The modular devices were stacked manually using the alignment structures. These were pushed lightly backward and forward, and to the left and to the right with respect to the center of the devices during alignment. After the alignment structures reached a stable position, no relative motion between the stacked microdevices was observed. Epoxy (5 Minute Epoxy, Devcon, Danvers, MA, USA) was applied to the edges of the through-holes of the stacked devices for bonding, and was cured at room temperature (25°C) for one day. The assembled modular devices were sorted into two groups, Assembly Sets 1 and 2, had different nominal radial distances of the alignment structures. Assembly Sets 1 and 2 were assembled using alignment structures located 16 and 24 mm from the centers of the modules, respectively. Each group had five pairs of samples. 
IV. RESULTS AND DISCUSSION
A. Dimensional and Location Variation
The dimensions and locations of the assembly features and alignment standards on the mold inserts and replicated modular devices, were represented using the mean and standard deviation (σ ) at the two radial distances from the center of the part, 16 mm and 24 mm.
The base heights (h pi ) and heights (H pi ) of the hemispheretipped posts are shown in Fig. 6(a) . The base depths and depths of the hemisphere-tipped holes had 1∼2 μm variation, compared to the designed depths of 100 μm and 925 μm but the base heights and heights of the hemisphere-tipped post were 3∼12 μm taller than the designed heights of 100 μm and 925 μm. Elongation of the posts due to forces between the walls of the molded parts and the mold cavities during demolding produced the taller posts.
Demolding forces also contributed to the inclination of the hemisphere-tipped posts in the direction opposite to the part shrinkage as shown in Fig. 6(b) . The inclination angles (θ pxi ) of the hemisphere-tipped posts with respect to the X-axis of the coordinate system of the base of the post were 1.4±0.4°a nd −4.0±1.2°at the nominal radial positions of 16 mm and 24 mm. The inclination angle (θ pyi ) relative to the Y -axis had a variation of 0.3°∼0.4°about the nominal value of 0.0°. No significant variation of the inclination angle of the holes on the mold inserts was observed, so the variation occurred during molding. The radii of the hemisphere-tipped holes were 490±3 μm, which was 10 μm less than the designed radius of 500 μm due to machining variation as shown in Fig. 6(b) . The mean radii (r pi ) of the posts were 485 μm and 489 μm; 15 and 11 μm less than the designed value of 500 μm. This additional variation was due to shrinkage of the parts.
In Fig. 6(c) , the widths of the v-shaped pyramids on the mold insert were from 1885±2 μm to 1886±3 μm and the angles of v-shaped pyramid surface with respect to substrate plane on the mold insert had a variation of 0.2°∼0.3°with respect to the mean of 44.7°. The average widths (W vi ) of the v-grooves were 8∼10 μm less than the width of the v-pyramid due to the shrinkage of the polymer. The mean angles (θ vsi ) of the v-grooves were 44.9°and 44.8°and θ vsi had no significant variation, compared to the v-shaped pyramid.
The locations, radial distances and radial angles, of the alignment structures on the mold insert and the parts are shown Figs. 6 (d) and (e). The radial distances of the holes and pyramids had variations of ±3 μm about the means of 16.000 mm and 24.000 mm. The angular variation of the hemisphere-tipped holes was ±0.01°with respect to the coordinate system of the mold insert as defined in Fig. 3(b) . The angles of the v-shaped pyramid did not differ significantly from the nominal values of 0.0°. The radial distances (R pi ) to the hemisphere-tipped posts were 15.908±0.003 mm and 23.854±0.003 mm in Fig. 6(d) . They were 92 μm and 146 μm less than the designed distances of 16 mm and 24 mm. This resulted from the radial shrinkage of the molded parts. The variation of angle (θ pi ) with respect to the coordinate system of the parts was 0.01°. The radial distance (R vi ) and angle (θ vi ) of the v-groove were similar to the results of the posts because the temperatures of the two mold inserts were similar (100±5°C) during molding. The radial locations of the assembly features were about −0.6% less than the designed distances.
In addition to the radial distance and radial angle of the alignment structures, nonplanarity, represented by B hpi and B hvi , also varied the locations of the alignment structures. Fig. 6(f) shows the nonplanarity of the alignment structures on the mold insert and parts. The hemisphere-tipped holes had mean nonplanarities of −5±3 μm and −5±4 μm and the nonplanaties of the v-shaped pyramids ranged from 3±3 μm to 2±3 μm at the designed locations of 16 mm and 24 mm, respectively. The molded alignment structures showed a variation ranging from −3±8 μm to −5±11 μm as shown in Fig. 6(f) . Fig. 7(a) shows the locations of the alignment standards on both the top and bottom surfaces of the mold insert and the modular devices. Mean radial distances (R Ai ) to the alignment standards on the bottom surface of the mold insert were −12 to −48 μm less than the designed value of 31.5 mm but the mean radial distances on the top surface ranged from 31.346 mm to 31.502 mm. The difference (ΔR Ai ) in the radial distance between the top and bottom of the alignment standard on the mold insert was observed as shown in the schematic of Fig. 7(a) . ΔR Ai were 20±7, −106±2, 5±6, and 14±3 μm at the alignment standards 1, 2, 3, and 4, respectively. The location of the alignment standard on the mold insert can vary along its sidewall due to machining variations or deformation. The negative difference was due to an undercut at the bottom of alignment standard 2. All of the radial distances to the alignment standards on the top and bottom of the parts were less than the radial distances of the mold insert due to the shrinkage of the part during cooling.
The radial angular variation of the alignment standards on the mold insert and parts are shown in Fig. 7(b) . Mean radial angles (θ Ai ) of alignment standards on the mold inserts ranged from −0.01°to 0.01°and angles (θ Ai ) of the molded alignment standards were −0.04°to 0.19°with respect to the Z -axis of the coordinate system of the part as shown in Fig. 4(b) .
In addition, the alignment standards on the top and bottom surfaces of the modular device were nonplanar with respect to the centers of the surfaces due to nonflatness of the parts. The nonplanarity was −29±8 μm and −17±8 μm on the top and bottom surfaces, respectively.
The mismatch between the top and bottom surfaces of the modular device was characterized as shown in Fig. 4(d) . Table III gives the contribution to the mismatch from the misalignment of the two mold inserts during molding. The center of the top surface was displaced 112±5 μm (ΔX C ) and 21±3 μm (ΔY C ) along the X-and Y -axes with respect to the center of the bottom surface of the parts. No significant rotation (θ ZC ) of the top surface was observed relative to the bottom surface of the modular device. The quantified mismatches in the molds propagated directly into the assembled system.
The physical consequences of the manufacturing processes, including fabrication of mold inserts and double-sided injec- tion molding, induced variation in the replicated modular devices [12] . The variation of the mold inserts was the innate source of variation of the replicated parts. The filling of a mold cavity with the polymer and shrinkage of the polymer were principal contributors to the variation of the replicated parts.
Figs. 8(a) and (b) show optical micrographs to evaluate complete filling of the mold cavity. Tool marks transferred from the mold insert surface are evident on the top surface of the molded posts located at 16 mm but the marks were not as distinctive on the top surface of the structures located at 24 mm. This indicated that the polymer melt did not completely fill the hemisphere-tipped hole. As the radial distance of the hole from the thermal center increased the polymer froze sooner leading to incomplete filling of the cavities. Increasing the surface temperature of the mold cavity should ensure complete filling of the holes.
Shrinkage of the polymer induced defects in molded parts reducing the dimensional and location integrity of molded features. Figs. 8(c) and (d) show SEM images of side views of the posts located 16 and 24 mm from the center. The offsets are evident on the sidewalls of both hemispheres. After filling of the microcavities with the polymer, the sidewalls of the post on the molded device experienced normal stresses because the polymer shrinks toward the center of the device. These stresses were thermally induced by the mismatch of the thermal expansion coefficients of the mold insert and polymer. Shrinkage also produced shear stresses along the sidewalls of the post due to adhesion and friction between the sidewall of the mold insert and the post during demolding. The post in Fig. 8(d) inclines in the opposite direction of the shrinkage, compared to the post in Fig. 8(c) because it has greater shrinkage than the post located 16 mm from the center.
No significant defects were observed on the surfaces of the replicated v-grooves of the device. The sidewalls between the mold insert and v-groove had an angle of 45°r elative to the substrate plane. Even though the polymers shrink from the edge to the center of the device, the sidewall of the v-groove experiences lower stresses during demolding, compared to the hemisphere-tipped posts.
B. Assembly Tolerance Analysis
The dimensional and location variation of the assembly features varied with the positions of the two contact points on the hemisphere-tipped post and on the surface of the v-groove during assembly. This induced variation of the location of modular component B of the assembly with respect to the designed position and location. The results of the simulations of the assembled modular devices were represented using histograms to show the mismatch or vertical variation of the assembly and the number of occurrences. Experimental results, represented by the sample mean with a 95% confidence interval [38] , were plotted on the histogram for comparison with the simulation results.
The mismatch of Assembly Set 1 is characterized in Fig. 9 . The estimate at location 4 had a deviation of 9 μm from the confidence interval of the measurement; a discrepancy of 8% between the simulation and experiment. Fig. 10 shows the vertical variation (ΔZ i ) of Assembly Set 1 at the standards, with respect to the nominal vertical separation of 287 μms. The estimated variation from the simulations were 25∼26±37 μm. The measured variations were 9±9 μm, 19±20 μm, 4±13 μm, and 29±4 μm. The estimates at locations 1 and 3 show a difference of 3% compared to the measurements.
The mismatch and vertical variation of Assembly Set 2 were also characterized. The estimated mismatches along the X-and Y -axes at locations 1, 3, 2, and 4 were 21±11 μm, 17±11 μm, 120±11 μm, and 115±29 μm while the measured mismatches were 20±6 μm, 15±9 μm, 116±11 20±6 μm and 15±9 μm, and 103±7 μm, respectively. The estimated vertical variations were 32±27 μm and the measured vertical variations were 17±9 μm, 34±7 μm, 5±10 μm, and −10±4 μm. The vertical estimates at locations 1, 3, and 4 showed a discrepancy of 2−13%, compared to the measurements. There were no significant differences in the variation of the mismatch and vertical distance between Assembly Sets 1 and 2 as the radial location of the assembly features increased from 16 to 24 mm.
The mismatch between the mold inserts for the top and bottom surfaces of the modules in Table III was the principal contributor to the lateral mismatches along the X-and Y -axes of assemblies. The mismatches of 21±3 μm and 112±5 μm propagated through the devices to produce lateral mismatches of the assemblies. The dimensional and location variation of the alignment structures and alignment standards, shown in Figs. 6 and 7, also contributed to the mismatch of the assembly. The simulations and experiments were in agreement in most of the cases. Means of half the simulations fell into the 95% confidence interval of the measurements for the mismatch and vertical separation between the assemblies. Some mismatches and vertical distances showed a difference between the simulations and experiments, but it was less than 14%. The discrepancies can be attributed to the assumptions made in the design of the simulations. The dimensions and locations of the assembly features and alignment standards in the simulation were assumed to follow a normal distribution. Neither mean shift nor skewness of the dimensions and locations were considered. If a larger number of samples were used in the assembly experiments, the experimental results may be in accordance with the simulation results.
Kinematic couplings are widely used in macroscale mechanical assemblies in precision engineered instruments and machines. Typical assembly errors range from submicrometer to a few tens of micrometers [41] , [42] . The assembly accuracy of these systems is much better than the assembly accuracy of the polymer alignment structures reported here due to the use of high hardness materials, such as steels and ceramics. Most of those applications require a high degree of repeatability in measurement or manufacturing systems, while the use of exact constraint in the assembly of modular microfluidic systems is focused on the accurate prediction of assembly error in low or single use devices prior to their manufacture.
V. CONCLUSIONS
The accuracy of passive kinematic alignment for the assembly of modular, polymer microfluidic devices, with assembly features, a set of three hemisphere-tipped posts and v-grooves designed to exactly constrain the assembly, and alignment standards, was characterized for components replicated using double-sided injection molding. The dimensions and locations of the assembly features and alignment standards on the injection molded model systems were assessed to determine their dimensional and location integrity.
Prototypes of modular, polymer microfluidic devices were assembled using alignment structures without additional active alignment as a demonstration of passive assembly. The alignment accuracy of the assembled components was characterized by the mismatch and vertical separation between the alignment standards along the orthogonal axes of the two modules. Mismatches from 16±4 μm to 20±6 μm along the X-axis and from 118±11 μm to 103±7 μm along the Y -axis, and vertical variation from −10±4 μm to 34±7 μm with respect to the nominal separation of 287 μm were obtained.
An assembly tolerance model, representing kinematic chains connecting the assembly features and alignment standards, was developed to predict the accuracy of the assembly based on the measured manufacturing variation in those features. Monte Carlo methods were applied to estimate the tolerance distribution for the assemblies, by propagating the measured dimensional and location variations of the passive alignment structures and alignment standards through the assembly. Most of the alignment distributions estimated using the simulations were in accordance with the measured variation from the prototypes, but some showed a difference of 2∼13% with respect to the experiments. The discrepancies were attributed to unmodeled aspects including the mean shift and skewness of the characterized dimensional and location variations of the assembly.
Genetic analyses typically required a sequence of multiple functional assays from sample preparation to identification. Three or more modules can be assembled using assembly features on the top and bottom surfaces of the devices to form a complete system. Double-sided injection molding will be necessary for the cost-effective modularization and assembly of these biochemical instruments. Passively aligned assemblies enable the predictable, highly accurate modularization of injection molded polymer microfluidic systems.
APPENDIX A THE KINEMATIC MODELLING OF ASSEMBLY FUNCTION
FOR TWO MODULAR MICRODEVICES ASSEMBLED BY A SET OF THREE HEMISPHERE-TIPPED POSTS AND V-GROOVES Fig. 2 shows a schematic of two modular microdevices assembled by a set three v-grooves and hemisphere-tipped posts joints. The reference coordinate systems, AC and BC, are located at the centers of the module mating surfaces. When two modules are assembled using the assembly features, each feature has two nominal contact points between the hemispheretipped post and v-groove [9] . The location of device B in the assembly can be described using a transformation with respect to the coordinate system of modular device A, AC. The transformation consists of three rotations and translations with respect to AC. If there are no variations of the assembly features, the location of device B can be defined using a 4 × 4 coordinate transformation [39] as given by Equation A.1
where D Z is the nominal vertical distance between AC and BC. Variations of assembly features change the relative contact positions between the assembly features with respect to the nominal positions. As a result, the location of device B varies from the designed location. This induces misalignment and reduces the accuracy of the assembly. The changed location of device B in the assembly can be described as a relative location with respect to the coordinate system AC. The transformation describing the changed location of device B is given by the 4 × 4 transformation matrix [39] A kinematic chain is shown in Fig. A.1(a) . It is a closed loop of vectors passing from a contact point from AC to BC through a v-groove and hemisphere-tipped post. The assembly of the two modules is represented by six different vector loops because the assembly has six contact points between the assembly features. A fully-constrained spatial assembly requires six constraints.
All points on one of the surfaces of a v-groove [34] [40] . The assembly accuracy was estimated from the mismatch of the rectangular slot alignment standards along the X-and Y-axes of the reference coordinate systems of the modules. Fig. A.1(b) shows a cross-section of an assembly sectioned along the X-axis and a kinematic chain including the alignment standards to enable estimation of the mismatch. The coordinate frames UC and WC represent the alignment standards on modules A and B. The mismatch was estimated using the transformation, T U C−W C , from UC to WC. If there were no variation of the location of the alignment standards with respect to AC and BC, the transformation was represented by the kinematic chain shown in Equation A.5 where i = 1, 2, 3, and 4, j = 1.
